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Abstract 

The low energy structure of 35,37,39,41 g jgotopes is described performing shell model calculations 
with the recently devised SDPF-U interaction. Protons and neutrons are restricted to the sd-shell 
for N < 20, neutrons start filling the fp-sheW for N > 20. Natural parity states are described 
with only in-shell mixing, opposite parity states with Ip-lh inter-shell neutron excitations. Energy 
levels and intensities of electromagnetic transitions are compared with experimental data when 
available. 
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I. INTRODUCTION 



The coexistence of normal and intruder, sometimes deformed, configurations in the low 
energy region [1] around the shell gaps = 20 and = 28, and the evidence of the erosion 
of these gaps [2], has been the focus of recent experimental investigations on Mg {Z = 12) 
[1], Si {Z = 14) [3], S {Z = 16) [4, 5] and Ar {Z = 18) isotopes [6]. The reaction analysis by 
Fortune [7] on '^2Mg2o reveals that the 0"*" ground state has a normal (Op-Oh) configuration, 
while the excited O"*" state is an intruder (2p-2h). A strongly deformed intruder ground state 
has been reported in ^^Mg by the Leuven group [8, 9]. For ^^Mg, the parity of the spin 
/ = 3/2 ground-state remains a puzzle [10-13]. For this region, a reduction in shell gap 
for the Si/2 and ^3/2 proton orbitals has been reported for P, CI and K isotopes [14-16]. 
The particle-hole excitations involving intruder states play an important role in the study of 
nuclei lying between island of inversion and the valley of stability. In Ar, the development of 
collectivity near the Z = 28 shell gap has been reported in [17], where nonaxially symmetric 
deformation was assigned to ^^Ar. In analogy to '^^Mg, with A^ = 20, a new island of 
inversion around A^ = 40 has been predicted in Ref. [18]. 

Sulfur isotopes exhibit many interesting properties: ^°S and ^^S are deformed, ^^S exhibit 
7-soft properties [19] and collectivity [20], shape coexistence is found in ^^S [21], shape and 
configuration coexistence in ^^S [4, 22, 23]. Triple configuration coexistence is a topic of 
current research [24]. Experimental data are indicating an erosion of A^ = 28 shell gap in 
the ^^S and ^^Si isotones [3, 25]. 

Fig. 1 shows the systematics for B{E2) values (top) and the energies of the E{2^) and 
£'(4^) states (bottom), as a function of the neutron number, for even-even sulfur isotopes. 
A clear depletion in the B{E2) value and a peak in the excitation energies is observed at 
^^S with N = 20. As the neutron number increases, the B{E2) values also grow up, and the 
excitation energies assume nearly constant low values. These two observables are associated 
with the development of collectivity. Sulfur isotopes have also an astrophysical importance. 
In the nuclear synthesis of heavy Ca-Ti-Cr isotopes, neutron-rich sulfur isotopes play an 
important role [26]. 

From the theoretical side, Kaneko et al. [27], recently reported calculations for positive 
parity states along the even-even sulfur chain using extended pairing plus quadrupole-quadrupole 
forces including monopole interactions (EPQQM). Monte Carlo shell model calculation based 
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FIG. 1. (Color online) Experimental B(E2) values (top) and E{2f) and E{4:f) energies (bottom) 
for even sulfur isotopes. 

on the QMCD method describing oxygen to sihcon with N ~ 20 has been reported in [28]. 
We have performed shell-model (SM) studies in the fp shell for Fe, Mn, and Co isotopes 
[29-32], in the fpg shell nuclei for ^^^^^Ga [33], Ni, Cu and Zn isotopes [34, 35]. 

In this paper, the reported low energy states in 35,37,39,41 g jgotopes, with both positive 
and negative parity, are interpreted in the frame work of shell model in sd — pf space. While 
intruder states in the full psdpf model space with a ^He core allowing one nucleon jump 
between the major shells have been described in Ref. [36] with a new PSDPF interaction, to 
the best of our knowledge a detailed analysis of opposite parity band in these four odd-mass 
nuclei is presented for the first time here. 

The paper is arranged as follows: in Sec. II, we discuss the effective interactions which 
are used in this work and provide some details of calculations. Results of calculations for 
the energy levels and electromagnetic transition probabilities of the 35,37,39,41 g jgotopes are 
prresented in Sec. III. Finally, conclusions are drawn in Sec. IV. 

II. EFFECTIVE INTERACTIONS 

We present SM calculations in the sd — pf space, using SDPF-U [37] interaction. This 
interaction is designed to be used in the valence space spanned by the orbitals 0^5/2, lsi/2, 
0c^3/2, 0/7/2, 0/5/2, 1^3/2 and lpi/2, for both protons and neutrons. The single-particle 
energies employed for the 0^5/2, lsi/2, 0^3/2, O/7/2, 1^3/2, O/5/2 and lpi/2 orbitals are -3.699, 
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-2.915, +1.895, +6.220, +6.314, +11.450, +6.479 MeV, respectively. 



III. RESULTS AND DISCUSSION 

A comparison of the calculated positive- and negative-parity states with the experimental 
data for the odd isotopes of sulfur is presented in Figs. 2-5. Experimental information for 
the energy levels in odd sulfur isotopes is available for '^^S, '^''S and ^^S isotopes [39]. Excited 
levels of '^^S have been measured at Legnaro National Laboratory (LNL) [40]. 

Protons and neutrons are restricted to the sd-shell for N < 20, neutrons start filling the 
/p-shell for N > 20. Natural parity states are described with only in-shell mixing, opposite 
parity states with Ip-lh inter-shell neutron excitations. 

For the positive-parity levels in ^^S we perform Op-Oh calculations, i.e. both protons and 
neutrons are only allowed to occupy the sd shell. Negative-parity levels can be obtained for 
these nuclei exciting one neutron from the sd shell to the pf shell. The parity of the ground 
state becomes negative when reaching ^^S, since one or more neutrons already occupy the 
pf shell. Now negative-parity levels are obtained by Op-Oh and Ip-lh calculations give the 
positive parity bands. 

The angular momentum and parity of the lowest energy states with both parities can 
be given a simple qualitative interpretation, associated with the last uncoupled neutron. In 
^^S, = 19, it occupies the d^/2 orbital. For A = 21 and 23 the f-j/2 orbital is filled, and 
the ground state has J = 7/2 and negative parity. As in many other chains of isotopes, 
the energy of the excited state J = 7/2~ is high in the lighter isotopes, and decreases 
for increasing A until it become the ground state, while the J = 3/2"*" becomes the first 
excited state with opposite parity, whose energy moves up. The subtle effects associated 
with configuration mixing and the role of the residual interaction can be observed following 
the gap between the J = 7/2~ and J = 3/2" states. In ^^S they are the first and second 
excited states of negative parity, always in this order. In ^''S the ground state has J = 7/2~ 
and the first excited state J = 3/2", but the theoretical predictions put both levels at near 
degeneracy in ^^S, and assign J = 5/2" to the ground state in ^^S, with the J = 7/2" the 
first excited state, in agreement with the preliminar experimental information. This type 
of behavior has been reported in [42], where a shell model study for phosphorous odd-odd 
isotopes was performed using the SPDF-NR and WBP-a interactions, with one neutron 
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in the O/7/2 and 1^3/2 levels to describe the three negative parity levels observed in the 
experiment. 

In this work opposite-parity states are associated with configurations involving the 
promotion of one neutron to the full O/7/2, 1^3/2; O/5/2 and lpi/2 orbitals, not only the O/7/2 
or lp3/2 orbitals. One feature where the relevance of using the full pf orbitals for the Ip-lh 
excitations can be seen, is in the energy of the excited opposite-parity states. The inclusion 
of the full fp shell decreases the energies of the negative parity levels, moving them towards 
the reported experimental values. 

In Table I, we show the occupancies of the ground and first excited states, and of the 
first excited state with opposite parity, in the 35,37,39,41 g isotopes, obtained with the SDPF-U 
interaction. The proton occupation numbers in the sd shell of the low lying states have a 
smooth isotopic dependence. For the ground state the occupancies of the proton orbital 
ranges between 5.34 to 5.80, while the 1131/2 and 7r(i3/2 interchange their role as the number 
of neutron increases. They vary from 1.80 to 0.80 for the nsi/2, and from 0.45 to 1.49 for 
the vr(i3/2. 

The increase in the number of neutrons has obviously a direct effect in the neutron 
occupancies. The filling of the 1^(^3/2 orbital is apparent for the three lightest isotopes, and 
of the 1^/7/2 for the other three. Also the 1^/7/2 is central in the Ip-lh excitations for the 
states with negative parity. While the 1^/5/2 and i'pi/2 have very low occupancies, there 
presence plays a relevant role in obtaining the right energetics, as mentioned above. 

Lets analyze the energy spectra of each particular isotope. 

The calculated sequence of positive-parity levels has a clear correspondence with the 
experimentally observed ones in ^^S, Fig. 2. The energy differences of the 7/2^, 3/2]" levels 
from the experiment are only a few keV. The positions of the 1/2^^ and 3/22 levels are 
interchanged with respect to experimental ones in both calculations, and the 1/2]" level is 
noticeably lower than in the experiment. 

Experimental data are available up to ~ 3.5 MeV for ^^S, shown in Fig. 3. The ground and 
first excited state have negative parity, and are perfectly reproduced by both calculations. 
The 1/2]" and 3/2^ states are interchanged with respect to the experiment, with the 3/2^ 
displaced to higher energies. The second excited state has positive parity, and is better 
adjusted by the SPDF-U interaction. Many positive parity states are predicted, but the 
reported 9/2^ appears too high in the calculation. 
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FIG. 2. Calculated and experimental level scheme of S. 
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FIG. 3. Calculated and experimental level scheme of S. 
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FIG. 4. Calculated and experimental level scheme of S. The experimental data for this isotopes 
have been taken from LNL annual report. 
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FIG. 5. Calculated and experimental level scheme of S. The experimental data for this isotopes 
have been taken from LNL annual report. 
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TABLE I. Occupancies of proton and neutron orbitals of the ground and first excited states, and 
of the first excited state with opposite parity, in 35,37,39,41 g iggtopes, for SDPF-U interaction. 





vrsi/2 vrd3/2 


1/^5/2 Z^Sl/2 Vd^l2 vf7/2 l'Pl/2 


3/2+ 
1/2+ 

7/2r 


5.74 1.80 0.45 
5.74 1.45 0.81 
5.43 1.34 1.22 


5.96 1.97 3.07 
5.93 1.33 3.74 

5.71 1.61 2.67 0.93 0.06 0.01 0.0003 


7/2^ 

3/2r 
3/2+ 


5.80 1.68 0.52 
5.85 1.59 0.56 
5.60 1.32 1.08 


6.00 2.00 4.00 0.95 0.04 0.01 0.000 
6.00 2.00 4.00 0.24 0.76 0.01 0.003 
5.94 1.93 3.13 1.59 0.28 0.09 0.04 


39s 7/2- 

3/2r 

3/2+ 


5.75 1.15 1.11 
5.79 1.02 1.18 
5.53 0.94 1.52 


6.00 2.00 4.00 2.59 0.30 0.08 0.03 
6.00 2.00 4.00 2.33 0.58 0.05 0.04 
5.92 1.91 3.17 3.24 0.52 0.17 0.06 


41s 5/2^ 
7/2r 
1/2+ 
3/2+ 


5.71 0.80 1.49 
5.69 0.84 1.46 
5.47 0.83 1.71 
5.42 0.85 1.72 


6.00 2.00 4.00 4.34 0.49 0.12 0.03 
6.00 2.00 4.00 4.38 0.43 0.15 0.04 
5.86 1.38 3.75 5.18 0.51 0.25 0.07 
5.89 1.86 3.24 5.00 0.64 0.27 0.08 



In 3^8 only the 7/2^, ll/2j", 15/2^' levels have been measured, and are shown in Fig. 4. 
The SPDF-U calculation predicts very good results for these levels. The spin and parity of 
the 1724 keV level has not yet been measured. It is close to the 3/22 , 1/2^ and 3/2+ levels 
found in the shell- model calculations. The 3/2^ level is predicted in both calculations a few 
keV above the 7/2" the ground state. 

When reaching to ^^S, Fig. 5, the ground state has angular momentum and parity 5/2". 
The experimental (7/2") level at 449 keV is predicted to be 395. 

A comparison of the reduced electric E2 transition probabilities (in W.u.) between 
the experimentally available data for ^^S is presented in Table II. The effective charges 
e^fj=1.35e, ej^fj=0.35e are used for the calculation. For ^^S two B{E2) values are reported 
in the experiment. The first of them is described well by the calculations. For the second 
both calculations predict the values 4 times larger than in the experiment. 
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TABLE II. Calculated B{E2) values for some transitions for "^^S isotopes with effective charges: 
e^g=1.35e, ej^g=0.35e. The experimental 7-ray energies corresponding to these transitions are also 
listed. 



Nucleus 




■^7 


(keV) 


Expt. 


SDPF-U 




7/2- 


^5/2- 


449 


14.91(6) 


12.48 




9/2- 


^5/2- 


904 


16.57(4) 


4.27 



IV. CONCLUSIONS 



We have interpreted the most recently available experimental data, including both 
positive and negative parity states, for the 35,37,39,41 g isotopes, performing shell model 
calculations with a modern interaction in the sd — pf valence space. The low energy 
spectra and electric E2 transition probabilities properties were successfully reproduced, 
employing Op-Oh excitations for normal party states and Ip-lh for opposite parity states. 
The limitations of the present model were also pointed out. 
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